Purpose Near real-time vaccine safety surveillance (NRTVSS) is an option for post-licensure vaccine safety assessment. NRTVSS requires timely recording of outcomes in the database used. Our main objective was to examine recording delays in the Clinical Practice Research Datalink (CPRD) for outcomes of interest for vaccine safety to inform the feasibility of NRTVSS using these data. We also evaluated completeness of recording and further assessed reporting delays for hospitalized events in CPRD. Methods We selected Guillain-Barré syndrome (GBS), Bell's palsy (BP), optic neuritis (ON) and febrile seizures (FS), from January 2005 to June 2014. We assessed recording delays (e.g. due to feedback from specialist referral) in stand-alone CPRD by comparing the event and system dates and excluding delays >1 year. We used linked CPRD-hospitalization data to further evaluate delays and completeness of recording in CPRD. Results Among 51 220 patients for the stand-alone CPRD analysis (GBS: n = 830; BP: n = 12 602; ON: n = 1720; and FS: n = 36 236), most had a record entered within 1 month of the event date (GBS: 73.6%; BP: 93.4%; ON: 76.2%; and FS: 85.6%). A total of 13 482 patients, with a first record in hospital, were included for the analysis of linked data (GBS: n = 678; BP: n = 4060; ON: n = 485; and FS: n = 8321). Of these, <50% had a record in CPRD after 1 year (GBS: 41.3%; BP: 22.1%; ON: 22.4%; and FS: 41.8%). Conclusion This work shows that most diagnoses in CPRD for the conditions examined were recorded with delays of ≤30 days, making NRTVSS possible. The pattern of delays was condition-specific and could be used to adjust for delays in the NRTVSS analysis. Despite low sensitivity of recording, implementing NRTVSS in CPRD is worthwhile and could be carried out, at least on a trial basis, for events of interest.
INTRODUCTION
The Clinical Practice Research Datalink (CPRD) is a UK primary care database widely used for epidemiological research, including monitoring disease rates over time and assessing the post-licensure safety of several vaccines using epidemiological designs. [1] [2] [3] [4] [5] [6] [7] [8] [9] Near real-time vaccine safety surveillance (NRTVSS) using electronic health records is a post-licensure vaccine surveillance tool that involves monitoring rates of adverse events over time to identify changes associated with vaccine use. NRTVSS is ideally started at the time a vaccine is introduced in a population by looking at data at repeated time points to ensure timely signal identification. This type of surveillance is now used by the Vaccine Safety Datalink in the USA and has been implemented by a few other countries. 10 In the UK, NRTVSS has been carried out using spontaneous reports to calculate the observed number of events and CPRD data to calculate the expected number of events. 11 However, CPRD data have not been used as the sole data source to perform NRTVSS. The CPRD data are currently updated monthly and are therefore a potential data source for implementing NRTVSS. For near real-time surveillance, timeliness is paramount. One way of dealing with delays is to delay the analysis until sufficient data accrue. A more timely approach 12 is to know how long it takes for data to accrue and then use the pattern of delays to adjust the expected number of events.
Data accrual delays in CPRD can be due to the following: (i) delays in making the diagnosis after an initial consultation, (ii) practices receiving and recording diagnoses made at secondary care and (iii) delays in uploading the data for researchers. Different outcomes of interest might have different sources and levels of delay, depending, for example, on whether the onset of the condition is acute or insidious and the healthcare setting in which it is diagnosed and managed. 13 Given CPRD's structure, it is likely that an acute condition that is usually diagnosed and managed by general practitioners (GPs) will accrue more quickly than a condition diagnosed and managed in hospital. Conversely, a more insidious condition and which tends to be diagnosed in secondary care might take longer to accrue. Understanding recording delays, by knowing the time it takes for data to accrue and how this differs by condition, helps to determine the feasibility of implementing NRTVSS in CPRD. In this paper, we focus on delays in practices recording diagnoses made elsewhere (aforementioned scenario ii).
It is also important to understand the sensitivity of CPRD for capturing outcomes of interest. Feedback from secondary care (e.g. hospital admissions and outpatient consultations) may not be completely captured as coded diagnoses in CPRD, for example, if GPs do not code these events but simply scan in hospital letters without adding diagnostic codes to the patient record. The information from hospital admissions in England is recorded in the Hospital Episode Statistics (HES) database and linked to CPRD for a subset of practices. Previous studies have shown that the use of linked data (including primary and secondary care information) improves sensitivity of diagnoses. [14] [15] [16] However, these linkages are currently updated too infrequently to allow their use for surveillance purposes. To the best of our knowledge, no previous studies have investigated completeness of recording for conditions of interest for NRTVSS that are typically diagnosed in secondary care such as Guillain-Barré syndrome (GBS).
Our main objective was thus to examine recording delays for selected conditions, due to practices receiving and recording diagnoses made at secondary care, in stand-alone CPRD, to inform the feasibility of implementing NRTVSS in England using these data. Secondary objectives were to further assess delays and evaluate completeness of recording of diagnoses in CPRD using linked hospitalization data.
METHODS

Data sources
For our main analysis, we used data from CPRD, which comprises anonymized UK primary care health records for >11.3 million patients from 674 general practices, with information on demographics, diagnosis, therapies, vaccines, health-related behaviours and referrals to secondary care. 1 Patient information is recorded using Read codes, and when a new record is entered, the software automatically assigns it the current date, the system date. Practice staff also enters an event date, the date generally considered to represent the time the event has occurred. Monthly updates of CPRD data include the date information was last collected from each practice (last collection date). 13 Despite being assigned when new records are entered, the system date can be changed when mass transfer of records occurs. These might occur when (Rachael Williams, personal communication) (1) the practice changes software to Vision (and joins CPRD) or updates their version of Vision: previous system dates will be updated for all patients to the date the change has occurred; (2) patients' records are transferred from their previous practice (or an internal transfer of a patient occurs within a practice); the system dates for that patient's records will then all be changed to the date the transfer occurred.
Our secondary analysis used CPRD-HES linked data, which includes patient-level information from 58% of all CPRD practices.
1 HES data are coded using International Classification of Diseases, version 10 (ICD-10), and each hospitalization includes ≥1 episode, corresponding to the time a patient is under the care of a single consultant. 17 Information available includes date of hospital admission and discharge and, for each episode, a starting date (episode date).
Outcomes
We selected four outcomes of interest for NRTVSS 10 : GBS, Bell's palsy (BP), optic neuritis (ON) and febrile seizures (FS). These represent different characteristics that might affect delays; GBS is an acute condition, diagnosed and managed in hospital; BP is typically diagnosed and managed by GPs; ON is a more insidious condition, likely to be diagnosed in outpatient hospital settings; and FS can be diagnosed and managed in both primary and secondary care. 10 For each outcome, a specific and a broader (potentially more sensitive but less specific) code lists were considered (Appendix A). These different versions were used to explore the effect of imperfect validity of different code lists to identify the outcomes. It has been previously suggested that for NRTVSS, a more sensitive code list generates more timely signals. 18 We thus considered the broader code list in our main analysis and the specific code list in a sensitivity analysis.
Analysis
System dates and event dates were compared to assess delays in recording. To avoid overestimation of delays because of mass transfers of system dates to later dates, we first studied which records were likely to have been part of such transfers and excluded these from remaining analyses.
We assumed that (i) an unusually high number of records with the same system date was due to a mass transfer; (ii) mass transfers are infrequent, so only a small proportion of patients will have records affected by mass transfers; (iii) there is a threshold number of repeated system dates above which mass transfers can be identified. To identify this threshold, we created a within-patient proportion of records with the same system date used s times (p si ), using eligible patient records from the clinical, test, referral and immunization files. p si is given by t si /r i , where t si is the number of records with a given number of repeat system dates and r i the total number of records for that patient. For example, if we consider a patient with a total of 300 records and if this patient has four records registered on one shared system date and four others on a different shared system date, p 4 is given by 8/300 ≈ 0.03. This means that 3% of all this patient's records are recorded in blocks of four records.
The patient-level p si was averaged across all patients (ap s ¼ ∑ n i¼1 p si =n). This average proportion of records with the same system date s was displayed graphically, and we selected candidate thresholds, on the basis of our assumptions about mass transfers.
For each threshold, we took a sample of 10 patients with that number of repeated dates (e.g. if threshold = 100, we selected the 100 records with the same system date for 10 patients). We then looked at these records to assess the likelihood that they had been involved in mass transfers. We considered that records with the same system dates that had codes that could feasibly refer to the same condition or a related procedure/test result and which all had the same event date were likely to have been entered on the same day. Conversely, if the codes were unrelated, with varying event dates, this would suggest a mass transfer. To evaluate the influence of the final threshold decision, we calculated the percentage of the outcomes assigned as mass transfers and excluded using the selected threshold.
After excluding system dates likely to have been part of mass transfers, we used a forward approach to assess delays, that is, considering the time from the event date (the assumed date of diagnosis) until the system date (the date the diagnosis was entered in the practice system). Delays were calculated as the difference between the system and event dates (Figure 1(A) ). We excluded diagnoses with a delay >1 year as these would be of limited utility for NRTVSS and could be ignored if NRTVSS was only based on events recorded within a year. To give enough time for data to accrue, we considered records with an event data up to June 2014 (using CPRD data released in July 2015). Diagnoses within a year of registration (6 months if aged <1 year) with the practice were excluded to avoid counting past diagnoses recorded retrospectively. 19 We described delays in terms of their cumulative distribution and further described these by year of diagnosis to assess whether this distribution was constant over time.
The secondary analysis focused on completeness and delays in recording for patients with an outcome of interest in HES. We considered a cohort of patients with an outcome first recorded in HES. Patients were followed up from the hospital episode date in which the outcome was first recorded until they had an outcome in CPRD (noting the system date) or were censored (earliest of date of death, date of leaving the practice, last collection date or July 2015) (Figure 1 (B).). We excluded patients with a previous record of the outcome in CPRD, as these would be captured by a system on the basis of CPRD. We conducted a sensitivity analysis to evaluate the effect of adding these patients. Patients with diagnoses within a year of their registration date (6 months if aged <1 year) with the practice were also excluded, unless a relevant diagnosis was made in HES during that period (as the latter is not subject to retrospective recording of this type). Kaplan-Meier analysis of the time until recording the condition in CPRD was used to describe completeness and delays, truncating the curves at 1 year (considered the period of interest for NRTVSS).
RESULTS
Analysis of mass transfers
We identified 54 252 eligible patients for the mass transfer analysis, with 24 905 375 records. Repeated system dates ranged from 1 to 3958. Figure 2 shows the proportion (and cumulative proportion) of records with a unique date, ranging from 2 to 3958 on the same date, averaged across patients. The average proportion of records with repeated dates decreased until 50 records, after which it stabilized. The vast majority (Figure 2 bottom) of records were recorded at the same time as <49 other events.
We thus selected 50, 100 and 150 as candidate thresholds, which resulted in losses of 7.7%, 4.5% and 3.1% of records, respectively. Some of the code lists with 50 repeated dates were a mixture of blood tests and diagnosis codes, all with the same event date. These were considered a plausible combination of codes to have been entered on the same system date. On the other hand, all the lists of 100 and 150 codes were for different conditions, with different event dates. We interpreted this as highly suggestive of a mass transfer and therefore selected 100 as the threshold. This reduced cases by 2.3%, 1.5%, 2.4% and 1.5% for GBS, BP, ON and FS, respectively. After excluding records deemed to be mass transfers, we assessed delays in stand-alone CPRD for 53 414 patients (GBS: n = 905; BP: n = 13 234; ON: n = 1837; and FS: n = 37 625).
Recording delays in stand-alone Clinical Practice Research Datalink
We further excluded records with delays >1 year (% of exclusions: GBS, 8.3%; BP, 4.8%; ON, 6.4%; and FS, 3.7%). Our final analysis included 51 220 patients (GBS: n = 830; BP: n = 12 602; ON: n = 1720; and FS: n = 36 236). Table 1 summarizes gender, age and year of event date for these patients. Table 2 and Figure 3 present the cumulative distribution of data accrual lags by condition in CPRD, defined as the time from event date to system date. Most diagnoses were recorded within a month (73.6% (GBS); 93.4% (BP)). BP had the highest percentage of records with identical system and event dates (72.0%), while ON had the lowest (27.8%). BP and FS records accrue more quickly than GBS and ON. These differences occur mainly (but not entirely) until 10 weeks after the event date, after which data accrual seemed to stabilize. Using a more specific code list yielded similar patterns (Appendix B). These patterns were constant over time (Appendix C).
Comparison of Hospital Episode Statistics-Clinical Practice Research Datalink
We included 13 482 patients (GBS: n = 678; BP: n = 4060; ON: n = 485; FS: n = 8321) with a first outcome recorded in HES. Table 3 shows the characteristics of included patients and completeness of recording in CPRD. Age and sex distributions for GBS and FS were similar to those observed for the stand-alone data. BP and ON patients in HES were older (mean age: BP: HES-57.4, CPRD-48.2; ON: HES-49.9, CPRD-42.9). BP and ON had the lowest completeness of recording and FS and GBS the highest. Most records accrued within a year. When we added patients with a first record in CPRD, the increase in total completeness was less than 10% (Appendix D). Figure 4 illustrates data accrual patterns. BP and FS accrued more quickly at initial stages and plateaued sooner than the other outcomes. GBS showed a steadier accrual pattern, plateauing at around 20 weeks after HES recording. Sensitivity analyses using specific code lists showed similar patterns (Appendix E).
DISCUSSION
We have conducted a comprehensive analysis of recording delays and completeness for four outcomes, to inform NRTVSS. Our results showed that data accrual patterns and completeness depend on the conditions studied. Selecting conditions with different characteristics (in clinical presentation, place of diagnosis and management) enabled us to capture these different patterns. BP showed the quickest data accrual and highest agreement between system and event date, consistent with a condition often diagnosed and In general, data captured in CPRD accrued within the first month of the diagnosis, making NRTVSS possible using this data source. Our assessment of completeness showed that a low proportion of diagnoses first recorded in HES subsequently accrued in CPRD. It seems particularly unlikely that GPs are aware of <50% of cases of serious conditions such as GBS. A recent UK study that contacted GPs about patients with a coded GBS diagnosed in HES found that 68.2% (95% confidence interval: 60.7-74.9%) were aware of a GBS diagnosis made in hospital that has been confirmed (Julia Stowe, personal communication). Incomplete diagnostic coding in general practice may occur because GPs instead scan in hospital letters or record diagnoses in free text, neither of which is now available to researchers using CPRD because of changes in the information governance environment in the UK. This might have decreased the ability to assess fully the validity of CPRD data for research purposes. The inclusion of therapy codes might help to capture some incompletely coded diagnoses for conditions requiring treatment, but the conditions we examined do not have unique treatments. On the other hand, HES is itself an imperfect source to capture conditions of interest as it might include unconfirmed cases. If that is the case, our analysis would have underestimated completeness in CPRD. For NRTVSS, if completeness is constant over time, this should not bias the results, but it decreases power. Knowing whether there is enough power is a key aspect when considering a new data source to implement NRTVSS. This goes beyond the scope of our study but should be assessed by future work looking at trial implementation of NRTVSS using CPRD. Results from that work will allow further conclusions on the possibility of implementing NRTVSS using CPRD. A further consideration is that, for conditions which may not always require hospital admission, hospitalized patients may be a particular subset of all cases, for example, those with more severe disease (as highlighted in studies of upper gastrointestinal bleeding and venous thromboembolism 14, 20 ) or specific patient characteristics (as in our study, which showed that patients with BP and ON captured in HES were older). This will matter if the adverse event is more likely among these specific subgroups.
Previous adjustments for accrual delays when conducting NRTVSS with administrative claims data have focused on delays in processing information for filing and approval. 12 Primary care-based data have different sources of delay, and our work focused on delays in practices documenting feedback from secondary care. Our work thus differs from Greene et al. 12 in the reasons for the delays we have considered. In addition, we looked at four outcomes (GBS, BP, ON and FS), while Greene et al. 12 have only considered GBS. Other sources of delay include time before data are made available; CPRD data are released to researchers monthly and practices upload data some time before each release. These delays could be examined by looking at the time between last collection date and date of release, and adjustments made depending on the patterns of such delays. Delays in making diagnoses could involve identifying early symptom codes, with the extent of delay varying by condition. The results of our study indicate that adjustments for data accrual delays should be tailored for individual conditions and that future studies should consider including setting-specific adjustments, that is, generating delay distributions for diagnoses made in primary care, in-patient and outpatient settings. More broadly, we recommend that researchers reflect on the source of delays in their data and whether these delays are likely to be dependent on the outcomes of interest, to help decide whether to establish condition-specific data accrual patterns.
To the best of our knowledge, this is the first in-depth analysis of recording delays in CPRD. Sammon and Petersen 13 recently examined the number of records lost as a function of last collection date, to inform incidence or prevalence studies. Our study complements and extends this work by quantifying delays for selected conditions and investigating how their characteristics affect delays. Our study is novel in showing the limitations of using system dates, and we have proposed a simple approach to minimize the effects of these limitations that are relevant to those planning surveillance using CPRD. We also provide the first analyses of both completeness and timeliness of recording of these four specific conditions in CPRD.
This study is subject to some limitations. Firstly, measurement error in delays in stand-alone CPRD may have resulted from errors in system and event dates. We addressed misclassification of system dates by excluding dates that were likely to have been part of mass transfers. As we did not take an unduly low threshold, we may have included some transferred system dates and thus overestimated delays. However, our exclusion of delays >1 year should have minimized this issue. Furthermore, if the same criteria are applied to a future NRTVSS, inclusion of these records should not bias results. The event date is also an imperfect measure of the date of diagnosis. When entering diagnoses made elsewhere, GPs might insert the diagnosis date, but alternatively, the date of hospital admission or discharge, the date the hospital letter was received or the date of data entry. For the latter three scenarios, our delays (the difference between system and event dates) would be underestimated. However, if this coding behaviour is constant over time, any adjustments made in the future considering our results would be valid. Furthermore, the choice of code lists affects the validity of cases. We did not validate the code lists directly, but assessed the potential effects of imperfect validity by using code lists with different levels of sensitivity. The use of a more specific code list did not substantially affect our results. When implementing a new system, this should be further assessed; previous analyses suggest that a more sensitive code list might produce more timely results. 18 Finally, we did not quantify the uncertainty around the data accrual estimates in CPRD. However, our sensitivity analysis describing yearly patterns showed stable results, suggesting it is appropriate to use our distributions for future adjustments.
In conclusion, this work shows that most diagnoses recorded in stand-alone CPRD accrued within the first month, making NRTVSS possible. The distribution of delays was condition-specific, and the weekly delay distribution could be used to adjust for delays in the NRTVSS analysis. CPRD can be a viable data source to use in this kind of analysis; next steps will include trial implementation of the system using these data.
